The brain uptake of phenobarbital during pro longed status epilepticus (3 h) was studied in paralyzed, ventilated sheep. The first 30 min of status epilepticus was characterized by systemic hypertension, increased CBF, increased peripheral vascular resistance, a fall in brain pH, and an elevation in brain lactate concentra tions. Subsequently, hemodynamic factors normalized and brain acidosis persisted. Phenobarbital administered during the early phase of status epilepticus produced higher levels of brain phenobarbital concentration, which was greatest at the earliest sample time (5 min following
The kinetics of anticonvulsant medications ad ministered during status epilepticus are poorly un derstood. Metabolic perturbations during status epilepticus, e. g. , alteration of blood-brain barrier (BBB) permeability (Petito et aI. , 1977) , ictal hy pertension (Johansson et aI. , 1970; Suzuki et aI. , 1984) , hypoxia (Suzuki et aI. , 1983) , hypercapnia (Johansson and Nilsson, 1977) , systemic corticoste roid and catecholamine release (Long and Holaday, 1985) , as well as the effect of the drug itself (Jo hansson, 1983 ) may influence brain uptake of anti convulsants. Recently, the influence of the blood brain pH gradient on brain uptake of the weak acid phenobarbital (Simon et aI. , 1985) and the weak base lidocaine (Simon et aI. , 1982; Simon et aI. , 1984) during bicuculline-induced status epilepticus infusion), compared to nonseizure controls. This eleva tion persisted for the first 3 h following the infusion. Phe nobarbital administration during the established phase of status epilepticus, when systemic blood pressure, periph eral vascular resistance, and CBF had returned to pre seizure values, resulted in attenuated brain phenobarbital uptake not different from controls for the first 30 min. These results are explained by disruption of the blood brain barrier to phenobarbital during the early (hyperten sive) phase of status epilepticus. Key Words: Status epi lepticus-Phenobarbital-Epilepsy -Anticonvulsants.
in the rat has been described. However, studies of status epilepticus in rodents are limited by the rela tively brief duration of the experiments and by the limited hemodynamic measurements that can be made in a small animal. The studies reported here assess kinetics of phenobarbital following early and (the clinically more relevant) delayed administra tion during prolonged status epilepticus in adult sheep. As the major factor influencing brain uptake of phenobarbital during seizures in rats was the blood-to-brain pH gradient (Simon et aI., 1985) , it was hypothesized that brain phenobarbital concen trations would be reduced during prolonged status epilepticus in the paralyzed sheep studied here due to the fall of brain, but not blood pH, during status epilepticus. As drug uptake during the early (hy pertensive) versus the late (normotensive) phases of status epilepticus might differ owing to changes in CBF (Benowitz et aI., 1974; Suzuki et a\. , 1984) or BBB integrity (Johansson et aI. , 1970; Petito et aI., 1977) , kinetics following both early and late phenobarbital administration were compared.
METHODS
Female Suffolk sheep, weighing 20-40 kg, were anes thetized with thiopental (20 mg/kg, i. v.) and maintained under anesthesia with 0.5% halothane, 40% nitrous oxide, and 60% oxygen. Ventilation was adjusted to maintain PCOz between 30-45 mm Hg; P02 levels were >100 mg Hg.
Cannulae were placed into the aorta and inferior vena cava via the femoral artery and vein for continuous mea surement of mean arterial pressure (MAP) and venous (CVP) pressure. A thermister probe (American Edwards Laboratories, Santa Ana, CA., U.S.A.) was placed into the opposite femoral artery for determination of cardiac output by thermal dilution technique (Lewis et aI., 1982) . Peripheral vascular resistance (PVR) was calculated by the equation: PVR = (MAP -CVP)/cardiac output.
Biparietal craniotomies were prepared for access to the cortex. Local CBF was determined by the hydrogen clearance technique (Auckland et aI., 1964) in cortical gray matter of the parietal lobes. CBF (ml/100 g/min) was calculated by the equation: CBF = (0.693/tl/1) 100, where tl/1 is the time required for the hydrogen concentration to diminish by one half (Heiss et aI., 1976) . Cortical extra cellular fluid (ECF) pH was measured by the insertion of a glass microelectrode (MI-41O Micro-Combination pH Probe; Microelectrodes, Inc., Londonberry, New Hamp shire, U.S.A.) 2-mm below the cortical surface of parietal cortex.
Following 30 min of stable baseline vascular pressures, animals were paralyzed with gallamine (40 mg/kg, i.v.), and status epilepticus was induced with bicuculline (4.0 mg/kg, i. v.). Electroencephalographic (EEG) activity was continuously monitored during the experiment.
Phenobarbital, 10 mg/kg (in 70% EtOH), was adminis tered intravenously to three groups of sheep: group I (early infusion), 4-min infusion beginning 5 min after the onset of status epilepticus (n = 13); group 2 (late infu sion), 8-min infusion (to avoid additional hypotension due to vehicle) beginning 60 min after the onset of status epi lepticus (n = 9); group 3 (control),'4-min infusion without bicuculline-induced seizures (n = 12). Brain (0.1 g cor tical biopsies from widely spaced areas of parietal cortex) and blood samples were taken concurrently at 5, 15, 30, 60, 120, and 180 min following the end of phenobarbital infusion in all animals.
Blood and brain levels of phenobarbital were deter mined using a Hewlett-Packard 5880A gas chromato graph equipped with an alkali (nitrogen-phosphorus) de tector. The extraction procedure was as follows: To 0.5 ml of blood homogenate (1: I in distilled water) or brain homogenate (100 mg in 2 ml distilled water) were added 2.0 flog of internal standard (5-ethyl-5-p-tolybarbituric acid; Aldrich, Wilwaukee, WI, U.S.A.), 3 ml of ether:isopropyl alcohol (95:5), and 1.0 ml of pH 6 buffer. Following vortexing and centrifugation, the aqueous layer was discarded and the organic layer washed with I ml of 0.1 N HzS04• The organic layer was removed and evaporated to dryness. The samples were reconstituted with 200 flol of butanol and 50 flol of tributylsulfonium hy droxide in isoamyl alcohol was added as a derivitizing agent. The extracts (1-2 flo\) were injected onto a 6 ft x 2.0 mm 3% OV-I column at 215°C. Standard curves, pre pared from spiked brain and blood homogenates, were linear over the entire range studied. Quantitation was achieved by calculating peak height ratios of phenobar bital and internal standard, and referring to the standard curve. An alternative assay procedure utilizing trimethyl sulfonium hydroxide as the derivitizing agent and separa tion on a 25 m x 0.32 mm fused silica 5% phenyl methyl J Cereb Blood Flow Metabol. Vol. 7. No.6. 1987 silicone capillary column was advantageous for deter mining low concentration of phenobarbital in brain tissue. A temperature program from 90 to 275°C at 25°C/ min was used. Details of the assay procedure will be pub lished elsewhere. Partitioning of phenobarbital into the brain was assessed by calculating the brain-blood pheno barbital ratio.
Statistical analysis of blood and brain phenobarbital concentrations and brain-blood ratios were performed by repeated analysis of variance measures with Scheffe's method for multiple comparisons between groups at se lected times, i.e., 5, 30, and 180 min, after phenobarbital administration. In addition, areas under the concentra tion of ratio-time curves were compared for periods of 5-30 min, 30-\80 min, and 5-180 min.
In a separate group of 4 sheep, cortical brain samples were removed before and during bicuculline-induced status epilepticus, and the tissue was immediately frozen with Freon and liquid nitrogen, pulverized, and weighed. Lactate was extracted with 0.6 ml of 8% perchloric acid (4°C). Lactate concentration was determined spectropho to metrically (340 nm) by measuring NADH formation in the presence of lactate dehydrogenase and excess NAD+ after a 45-min incubation at 25°C. Quantitation was achieved by referring to a standard curve prepared with known amounts of lactic acid.
RESULTS
Bicuculline administration resulted in polyspike EEG activity within 5 s of injection, followed by spike and wave activity for 15-30 min and there after by epileptiform bursts for the duration of the 4 h experiment. MABP and CBF increased immedi ately after seizure induction (94 mm Hg and 38 ml/lOO g/min, respectively) and subsequently re turned to baseline within 30 to 60 min ( Figure 1 ). CBF was highly correlated with MAP (r = 0.98). Peripheral vascular resistance increased markedly at 15 min (83 mm Hg/Llmin, ± 13 SEM), but re turned to baseline by 30 min (42 mm Hg/Llmin, ±7.5 SEM).
During status epileptic us arterial blood pH de- creased from 7.4 (±0.01, SEM) to 7.3 (±0.02) and recovered slowly (Fig. 2 ). Blood pH in control sheep remained constant (7.4 ± 0.02) throughout the sampling time. During status epilepticus, cor tical ECF pH dropped from 7.2 (± 0.03 SEM) to 6.73 (± 0.03) within 30 min, subsequently rising to 6.84 (± 0.05) at 240 min. Brain lactic acid concen tration increased �400% within 30 min of status epileptic us and remained elevated for the duration of the study (Fig. 2 ).
Blood phenobarbital concentration at 5 min and area under the concentration curve from 0-30 min were significantly greater for early administration than late administration and control groups (p < 0.01; Fig. 3 ). The areas under the concentration curve from 30-180 min was not significantly dif ferent among the groups.
Early, but not late, phenobarbital administration during status epilepticus produced brain concentra tions greater than controls for the first 30 min fol lowing phenobarbital infusion (Fig. 4) . The areas under the concentration curves for the early admin- ) and late (n = 9) infusion in status (early infusion, 4 min infusion time beginning 5 min after status onset; late infu sion, 8 min infusion time beginning 60 min after status onset). Early infusion vs. control (n = 12), P < 0.05. Area under concentration curve, 5-30 min for early vs. late ad ministration p < 0.01. istration group produced values greater than con trol at 5-30 (p < 0.005) and 30-180 min (p < 0.05). Brain phenobarbital concentrations following de layed administration were significantly higher than controls based on areas under the concentration curve at 30-180 min (p < 0.05). Brain levels fol lowing early administration were also significantly greater than levels following late administration based on area under the concentration curve at 5-30 min (p < 0.05), but were not different at 30-180 min. Brain-blood phenobarbital ratios tended to be higher in the status epilepticus an imals (Fig. 5 ), but differences were not significant. The status epilepticus groups reached a peak ratio at 30 min, while the ratio for the control group con tinued to rise until 60-120 min, after administra tion. Ratios at 180 min in the status groups were less than controls, reflecting partitioning out of the brain as brain pH fell (Figs. 2 and 5) (Simon et aI. , 1985) .
DISCUSSION
The data from these experiments describe many of the physiologic consequences of prolonged sei zures and their effect upon brain uptake of pheno barbital.
Phenobarbital administration during status epi lepticus in paralyzed animals produced brain con centrations greater than control. The elevated brain phenobarbital concentrations were present at the earliest sample time (5 min postinfusion) when phe nobarbital was administered during the early (hy pertensive) phase of status epilepticus; delayed ad- ministration during status epilepticus produced brain concentration elevations after 30 min. Pheno barbital infusion in control animals resulted in ki netics similar to those previously described (Ramsay et aI. , 1979) . Multiple factors must be con sidered to explain these findings.
Initially increased blood phenobarbital concen trations occurred in the early infusion group (Fig.  3) , probably as a result of delayed transfer of phe nobarbital from blood to major storage tissues, such as muscle. The higher blood levels might be related to reductions in regional blood flow related to persistent sympathetic stimulation (Benowitz et al. , 1974; Benowitz et al., 1986) with resultant in creased peripheral vascular resistance. At early time points, the higher blood levels may also con tribute to higher brain levels; however, the ten dency towards greater brain-blood partition at 15 and 30 min (Fig. 5) suggests that elevated blood levels are only a partial explanation.
EEG seizure activity continued for the duration of these experiments; however, status-induced sys temic hypertension peaked at 94 mm Hg over base line and persisted for < 1 h (Fig. I) . Such nonsus tained hypertension has been previously described during experimental status epilepticus in sheep (Bayne and Simon, 1981) and nonhuman primates (Meldrum and Horton, 1973) . In humans, during pentylenetetrazol-induced seizures, transient hy pertension is also seen, with mean elevations of 85 mm Hg systolic and 42 mm Hg diastolic pressure (White et al. , 1961) . CBF during status epilepticus was highly correlated with the increased MABP (Fig. 1) as would be expected from decreased cere-J Cereb Blood Flow Metabol, Vol. 7, No.6, 1987 bral vascular rcsistance with loss of cerebral auto regulation in the setting of ictal hypertension (Mel drum and Nilsson, 1976) . Ictal hypertension might effect brain uptake of drugs in a number of ways: recruitment of additional capillary exchange sur face in brain (Collins) , increased drug delivery to the brain via increased organ blood flow (Benowitz et aI. , 1974) , and/or transient alteration of BBB per meability (Johansson et aI. , 1970) .
BBB opening resulting from acute hypertension is related to the magnitude of the blood pressure elevation, associated cerebral vasodilation (Jo hansson and Nilsson, 1977) and especially the rate of the blood pressure rise (Suzuki et aI. , 1984) . Fol lowing the infusion of pressors producing blood pressure elevations >80-90 mm Hg over baseline (Johansson et al., 1970) , BBB opening is seen corti cally, especially in the occipital region (Johansson and Nilsson, 1977) . The barrier opening occurs within 3 min and resolves within <10 min (Jo hansson and Linder, 1978) following the induced hypertension. The ultrastructural correlation is al teration of capillary tight junctions (Hanssen et aI. , 1975) . This situation (infusion of pressors), in which autoregulation is intact and cerebrovasocon striction occurs in response to systemic hyperten sion (Petito et aI. , 1977) , is distinct from hyperten sion induced by epilepsy in which cerebral vasodi latation occurring independent of, but in association with, increased systemic blood pressure produces increased CBF (Meldrum and Nilsson, 1976) . Al though there is no direct correlation between the elevation in regional CBF and alteration of the BBB during experimental epilepsy, the barrier is open in those regions of maximal increase in CBF (Suzuki et al., 1984) . Barrier opening, mainly in central and basal structures, occurs within 1-4 min of the onset of bicuculline-induced seizures (Suzuki et al., 1984) associated with blood pressure elevation of >50 mm Hg over baseline (Suzuki et al., 1984) ; the ul trastructural correlate is that of capillary pinocy tosis (Petito et aI. , 1977) . Thus in the experiments reported here using bicuculline-induced seizures with rapid onset of ictal hypertension of 94 mm Hg over baseline associated with marked increase in CBF, alteration in the BBB almost certainly oc curred and was maximal within the first minute of the experiment (when blood-phenobarbital content was greatest).
Assuming equilibrium conditions, CSF pH as a measure of ECF pH and phenobarbital binding of 60% unchanged over a wide range of pH (Gold baum and Smith, 1954; Waddell and Bulter, 1957) , the partitioning of phenobarbital (a weak electro lyte) across a membrane selectively permeable to the undissociated form can be expressed by the equation (Rall et al., 1959) :
The difference between the observed and pre dicted brain phenobarbital concentrations (based on the equation above) strongly supports an alter ation in the BBB (Fig. 5) .
The control brain levels in the experiments re ported here are 2.5 times higher than the calculated ratio for CSF to blood at 120 min when a steady state was approached. Higher than predicted brain levels reflect binding of PB to brain tissue (Domek et al., 1960) . The predicted steady-state CSF to free plasma concentration ratios for seizing animals, based on Eq. I, are shown in Figure 5 . With an in tact BBB and falling brain pH, the steady-state, brain-to-blood phenobarbital ratio is predicted to fall over time. In the control animals, the brain-to blood phenobarbital ratio rises during the first 30 min, consistent with the known slow rate of entry of phenobarbital into the brain, and then is con stant, as would be predicted based upon un changing blood and brain ECF pH. The observed ratios in the seizing animals rise substantially more sharply than found in control animals and are max imal during the early phase of status epileptic us when ictal hypertension would be expected to alter the barrier. Late in status epilepticus, following res olution of ictal hypertension, brain-blood ratios fall towards values predicted for an intact barrier with the observed pH gradient. Tr ansient ictal alteration in the BBB would explain these observations.
The fall in brain ECF pH during status epilep ticus in the animals reported here (Fig. 2) is compa rable in degree and time course to measurements previously made in other species (Chapman et al., 1977; Leniger-Follert, 1984; Simon et al., 1985) . The fall in pH is paralleled by an increase in brain lactate (Fig. 2) that has been suggested to be the result of accelerated glycolysis rather than anerobic metabolism (Plum et al., 1974) . The small fall in ar terial blood pH is probably due to the cerebrally produced lactic acid (lngvar et al. , 1984) and the effects of marked elevations of circulating catechol amines (Benowitz et al., 1974) , which would be ex pected to generate lactate peripherally.
Based on consideration of pH determined parti tioning, phenobarbital brain-to-blood partitioning would be predicted to be lower in paralyzed an imals during status epilepticus (Goldberg et al., 196 1; Simon et al., 1985) . This was not observed in the studies reported here suggesting that the pH gradient is not the primary determinant of brain phenobarbital uptake in the first few minutes after drug administration. Later, at 180 min, the pre dicted and observed brain-blood partition tended to be lower in status epilepticus animals than controls, consistent with rapid restoration of BBB integrity (Johansson and Linder, 1978) and with the ex pected effects of pH on a weak acid during steady state partition across an intact, semi-permeable membrane.
Other factors that might effect brain-blood parti tioning include lipid and erythrocyte binding. Gold berg and To doroff (Goldberg, 1980) have found little change in lipid binding of phenobarbital when measured at pH 7.0 compared to pH 5.0. Bicucul line has no effect on phenobarbital binding to crude fractions of rat brain synaptosomal membranes (Willow et al., 198 I) . Alterations in erythrocyte to plasma phenobarbital ratio uptake is determined by unbound drug concentration in plasma. The data here are based on phenobarbital measurements in whole blood. As shown previously (Simon et al., 1985) , blood to total plasma ratios of phenobarbital are close to unity and, in rats, are not significantly different during status versus controls. In addition, plasma binding of phenobarbital has been shown to be unaffected to a significant extent by pH (Wad dell and Butler, 1957; Simon et al., 1985) or temper ature (Goldbaum and Smith, 1954) .
In summary, the data here show that early after administration, phenobarbital distributes into the brain in a manner more similar to a freely diffusable drug, which is in contrast to the slow diffusion ob served in nonseizing animals. This occurs early in status epilepticus during the hypertensive phase as sociated with increased arterial pressures and CBF; opening of the BBB explains these results. When administered during the established phase of status, phenobarbital displays behavior similar to that pre dicted for a weak acid partitioning across a pH gra dient.
These data have important clinical implications. The kinetics of anticonvulsant drug uptake into the brain during epileptic seizures are markedly dif ferent from those of nonconvulsing patients. Early in status epilepticus BBB opening is likely due to ictal hypertension and increased CBF (Petito et al., 1977; Suzuki et al., 1983; Suzuki et al., 1984) with resultant increased entry of polar anticonvulsants. Hypoxia, a common association of spontaneous seizures, will also open the BBB (Slobody et al., 1957) . In established status epilepticus, following the resolution of the ictal hypertension and in creased CBF, BBB integrity is restored (Petito et al., 1977; Johansson and Linder, 1978) . Then the pH gradient becomes the major factor in drug parti tioning in the brain. In nonparalyzed patients, blood pH will be lower than brain pH; accordingly, the blood-brain pH gradient will favor movement of weak acids (e. g. , phenobarbital) into brain (Simon et aI., 1985) . Thus, although via different mecha nisms (BBB opening and blood-brain pH gradient), in both the early and established phases of status epilepticus phenobarbital entrance into brain will be greater than that expected in nonconvulsing pa tients. This likely explains observations such as that of Goldberg and MacIntyre (1983) who re ported that status epilepticus resolved after admin istration of only 250 mg of phenobarbital that pro duced "subtherapeutic" serum levels of 8. 4 J-lg/ml.
